In the adult mammalian brain, new neurons and glia are continuously generated but molecular factors regulating their differentiation and lineage relationships are largely unknown. We show that Ascl1, a bHLH (basic helix-loop-helix) transcription factor, transiently labels neuronal and oligodendrocyte precursors in the adult brain. Using in vivo lineage tracing with inducible Cre recombinase, we followed the maturation of these precursors in four distinct regions. 
Introduction
Although most neural cell differentiation and maturation events forming the adult nervous system are completed by early postnatal periods, mitotic precursor cells for neurons, oligodendrocytes, and astrocytes continue to exist throughout the adult brain. The glial precursors such as reactive astrocytes and oligodendrocyte precursor cells (OPCs) are spread broadly throughout the adult brain (Ridet et al., 1997; Polito and Reynolds, 2005) . Astrocytes are generated in response to brain injury and OPCs are slowly maturing cells that respond rapidly to demyelinating conditions (Gensert and Goldman, 1997; Ridet et al., 1997; Chari and Blakemore, 2002) . In contrast, adult generated neurons arise from two restricted regions: the subgranular zone (SGZ) in the dentate gyrus of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles generating olfactory bulb interneurons via the rostral migratory stream (RMS) (Gage, 2000; Alvarez-Buylla and Lim, 2004) . The molecular control of differentiation of these adult generated neural cell-types is much less studied than that for neural differentiation during development. However, many of the important regulatory control genes functioning during embryonic neural development are present in neuronal and glial precursors in the adult, providing models of how adult generation of neural cell-types might occur. Here, we define precursors in the adult brain expressing one such differentiation control factor, Ascl1 (previously Mash1), and we follow the progression of these cells as they differentiate to neurons and oligodendrocytes.
Ascl1 is present transiently in neural progenitor cells in complex temporal and spatial patterns throughout neural development. A mouse mutation null for Ascl1 has been studied extensively and has defined Ascl1 as a neuronal differentiation control factor in multiple regions of the developing central and peripheral nervous systems (for review, see Bertrand et al., 2002) . In paradigms in which Ascl1 is ectopically expressed in neural progenitor cells, the cells exit the cell cycle and begin expressing neuronal differentiation markers (Farah et al., 2000; Nakada et al., 2004) . However, within a particular spatial and temporal context, Ascl1 appears to play a role in the specification of neuronal subtype as seen in interneuron formation in the spinal cord (Nakada et al., 2004; Helms et al., 2005) and cortex (Fode et al., 2000; Parras et al., 2002) , and in sympathetic neurons during neural crest development (Perez et al., 1999) . Thus, Ascl1 is an important regulator of neuronal differentiation and subtype specification in the developing central and peripheral nervous systems.
In addition to its role in neurogenesis, Ascl1 also plays a role in oligodendrocyte development. Ascl1 expression has been reported in OPCs in culture (Kondo and Raff, 2000; Wang et al., 2001; Gokhan et al., 2005) , and forced expression of Ascl1 in neural progenitor cultures biases fate to neurons and oligodendrocytes, but not astrocytes (Gokhan et al., 2005; Sugimori et al., 2007) . Lineage tracing of Ascl1 expressing cells in spinal neural tube development revealed these cells are fated to neurons and oligodendrocytes, but not astrocytes in vivo (Battiste et al., 2007) . At postnatal day 0 (P0) Ascl1 cells in the SVZ/RMS also have an oligodendrocyte producing component (Parras et al., 2004) . A reduced number of oligodendrocytes were reported in the telencephalon of Ascl1 mutant embryos, suggesting Ascl1 functions in the oligodendrocyte lineage to generate the normal numbers of cells . Furthermore, subsets of neuroblastomas and oligodendrogliomas express Ascl1 consistent with restriction of Ascl1 to precursors of these two neural fates that may reside in the adult brain (Rousseau et al., 2006) . Together these studies place Ascl1 in important regulatory roles controlling neuronal and oligodendrocyte differentiation during embryogenesis, and make Ascl1 a strong candidate for playing a role in these processes in the adult brain.
Here, we use a combination of genetically modified mice to definitively place Ascl1 in adult brain in progenitor cells that are transitioning to mature neurons or oligodendrocytes. Ascl1 transiently identifies a variety of neural progenitor cells early in each lineage including type-2a cells in the dentate gyrus of the hippocampus, transit amplifying cells in the SVZ and RMS in the forebrain, and immature OPCs dispersed widely in subcortical gray matter and in a ventral strip in the white matter tract of the corpus callosum. Cells that express high levels of Ascl1 transition to more mature phenotypes; they do not remain as progenitors but progress to differentiated cell types at different maturation rates in each lineage. These characteristics of Ascl1 in the adult CNS lineages are analogous to the temporal placement of Ascl1 during embryonic development revealing molecular commonality in these temporally distinct processes.
Materials and Methods

Transgenic mice and tamoxifen treatment. Ascl1-CreER TM
, R26R-stop-YFP, and Ascl1 GFP mice were described previously. Briefly, Ascl1-CreER TM is a BAC transgenic mouse where sequences encoding a Cre recombinase fused with a modified estrogen receptor replaces the Ascl1 coding sequence (Battiste et al., 2007) . R26R-stop-YFP is a Cre recombinase reporter strain (Srinivas et al., 2001) . Ascl1 GFP has green fluorescent protein (GFP) knocked into the Ascl1 locus replacing the Ascl1 coding sequence and otherwise only modifying the locus with a short linker sequence around the ATG (Leung et al., 2007) . Adult mice (P60) with the genotype Ascl1-CreER TM /ϩ;R26R-stop-YFP/ϩ were injected intraperitoneally with 300 mg of tamoxifen (Sigma, St. Louis, MO) in sunflower seed oil per kilogram of body weight on 2 consecutive days. Brains were collected 5, 30, or 180 d after tamoxifen treatment after Avertin anesthesia and transcardiac perfusion with 4% formaldehyde. Brains were fixed further by immersion in 4% formaldehyde overnight at 4°C, rinsed in PBS, cryoprotected in 30% sucrose, embedded and frozen in OCT, and 40 -50 m cryosections generated. P60 Ascl1 GFP mice were perfused and brains processed as above.
Immunofluorescence and BrdU labeling. Free-floating sections were incubated with the appropriate dilution of primary antibody in PBS/0.5% normal donkey serum/0.2% NP-40, followed by incubation with the appropriate secondary antibodies conjugated with Alexa 488, 594, or 647 (Invitrogen). Mouse monoclonal antibodies used were as follows: GFAP Figure 1 . Ascl1-GFP expression in the adult brain. A, Ascl1-GFP knock-in mice have replaced one allele of Ascl1 coding sequence with that of a nuclear-localized GFP reporter (Leung et al., 2007) . B-H؆, Images from immunofluorescence of Ascl1 GFP/ϩ mice (Ascl1, red; GFP, green). B-B؆, Transverse section of a mouse E11.5 neural tube. C, Higher magnification of B؆ illustrating that GFP persists longer than Ascl1. Ascl1 is restricted to the ventricular zone (VZ) whereas GFP is also present in the mantle zone (MZ). D, Sagittal view of subcortical regions in mouse forebrain at P60 showing Ascl1-GFP expressing cells are enriched in adult neurogenic regions. D', Diagram of adult mouse brain indicating where images in D-H originated. Ascl1-GFP expression in dentate gyrus (E), SVZ (F ) around the lateral ventricle (LV), and thalamus (TH) (G). H-H؆, GFP and Ascl1 are coexpressed in SGZ of adult hippocampus (arrows). CC, Corpus callosum; HI, hippocampus; OB, olfactory bulb; RMS, rostral migratory stream. Scale bars: 40 m.
Results
Characterization of Ascl1 in the adult brain
Several reports have placed Ascl1 in dentate gyrus of hippocampus and the SVZ of the lateral ventricles in the adult brain (Pleasure et al., 2000; Kohwi et al., 2005; Kuo et al., 2006) . We confirmed these reports (Fig. 1 H) and set out to obtain a more precise description of Ascl1 expression in the adult brain. Given the low sensitivity of Ascl1 antibodies in the adult brain, we turned to a mouse model where GFP was knocked into the Ascl1 locus (Ascl1 GFP ) to perform this analysis (Leung et al., 2007) (Fig.  1 A) . The use of GFP in the knock-in mouse to indicate Ascl1 expression has been validated in the olfactory epithelium (Leung et al., 2007) and here in E11.5 neural tubes ( Fig. 1 B, C) and adult dentate gyrus (Fig. 1 H-H") . As reported previously, Ascl1 is spatially restricted in the ventricular zone along the rostral-caudal and dorsal-ventral axes in the developing neural tube, and disappears in more lateral regions as the cells exit the cell cycle and begin to differentiate. In Ascl1 GFP/ϩ embryos, GFP and Ascl1 are coexpressed within the ventricular zone. However, because GFP protein is more stable than Ascl1, it persists laterally into more differentiated cells (Fig. 1 B, C) . Thus, Ascl1 GFP/ϩ can be used to identify cells that express or have recently expressed Ascl1.
Analysis of P60 brains from Ascl1 GFP/ϩ mice revealed many GFP cells scattered throughout multiple regions (Fig. 1 D) . GFP was notable in the two adult neurogenic zones, the SGZ in the hippocampus and the SVZ around the lateral ventricle ( Fig.  1 E, F,H' ). GFP cells were also abundant in white matter including the corpus callosum, fimbria, and anterior commissure (Fig. 1 D) (data not shown). Even in gray matter such as the thalamus, scattered GFP cells were detected although expression was weaker than in other regions (Fig. 1G ). Selective expression of GFP in the neurogenic zones in the hippocampus and lateral ventricles, but not in mature neuronal cell layers in the dentate gyrus or olfactory bulb suggests that Ascl1 is transiently expressed during adult neurogenesis. In addition, the extensive, dispersed GFP expression throughout the adult brain including white matter tracts is consistent with recent reports that place Ascl1 in oligodendrocyte precursors (Battiste et al., 2007; Parras et al., 2007; Sugimori et al., 2007) .
Ascl1-GFP cells are largely type-2a cells along the adult hippocampal neurogenic lineage and are restricted to the granule neuron cell fate In the adult hippocampus, putative multipotent neural stem cells reside in the SGZ and have a limited self-renewal capacity (Seri et al., 2001 (Seri et al., , 2004 Bull and Bartlett, 2005) . According to a current model of the adult hippocampal neuronal lineage (for diagram, see Fig. 2 F) , a combinatorial set of molecules identifies each stage (Kempermann et al., 2004; Steiner et al., 2006) . Briefly, type-1 neural stem cells have astrocytic features and are marked by GFAP. Although these cells have proliferative capacity, they are much more slowly cycling than the type-2 progenitor cells. Nestin, Sox2 and BLBP are also expressed in type-1 cells, but they persist into the type-2 cell stages (Steiner et al., 2006) . NeuroD and Doublecortin (Dcx) appear in type-2b, the later stage of type-2 cells, and persist into postmitotic but immature granule cell precursors. Finally, cells mature into NeuN/calbindin granule cell neurons in the dentate gyrus. To identify where Ascl1 is relative to this staging scheme, we used colabeling of GFP from Ascl1 GFP/ϩ brains with these different markers. The majority of GFP cells colabel with BLBP and Sox2 ( Fig. 2 B, C) . In contrast, only few GFP cells can definitively be scored as GFAP ϩ , using the criteria that the GFP cell must be wrapped by GFAP to score it as positive for type-1 identity (Fig.  2 A) . Because 97% of the GFP ϩ cells colabel with Sox2, they are largely classified as type-2a cells. A minority of GFP cells coexpress NeuroD (13%) and Dcx, markers of late type-2b/3 identity ( Fig. 2 D, E) . Note that because GFP is more stable than endogenous Ascl1, the overlap with the type-2b markers is likely an overestimate for the endogenous protein. Furthermore, no GFP cells colabeled with the mature neuronal marker NeuN (Fig. 2 B, D,E) . These findings place Ascl1 temporally in type-2a cells in the dentate gyrus.
Although GFP in the Ascl1 GFP mouse faithfully represents endogenous Ascl1 and the short-term fate of these cells, it does not allow us to determine the ultimate fate of the Ascl1 progenitors. In fact, it takes 3-4 weeks for an adult generated neuron to reach a mature neuronal phenotype (van Praag et al., 2002) . To map the fate of the Ascl1 lineage cells in the adult brain, we used a BAC transgenic mouse line, Ascl1-CreER TM that expresses tamoxifen inducible Cre recombinase under the control of Ascl1 regulatory elements (Battiste et al., 2007) crossed with the Cre reporter line R26R-stop-YFP (Srinivas et al., 2001 ). In the absence of tamoxifen, brains of these animals have no detectable yellow fluorescent protein (YFP) expression. To label the Ascl1 lineage in the adult brain, Ascl1-CreER TM ;R26R-stop-YFP mice were administered tamoxifen at P60 and brains were harvested after 5, 30, or 180 d (Fig. 3A) . Recombination efficiency of the Ascl1-CreER TM line in the adult hippocampus is estimated to be 6% based on comparing the number of GFP in the SGZ of Ascl1 GFP/ϩ and YFP positive cells 5 d after tamoxifen in Ascl1-CreER TM ;R26R-stop-YFP mice. Five days after tamoxifen administration, the YFP cells in the dentate gyrus have transitioned from type-2a to a type-3/immature neuron stage ( Fig. 3B-E ). This is illustrated by the decrease in the proportion of YFP labeled cells coexpressing Sox2 and the increase in coexpression of NeuroD and Dcx relative to that seen with the Ascl1-GFP. The YFP cells form clusters in the SGZ, a characteristic of immature neuronal precursors (Seri et al., 2004) , and they do not exhibit structural characteristics of mature neurons such as branched dendrites and axons (Fig.  3B ). Ten percent of the YFP cells incorporated BrdU after 2 h exposure (n ϭ 210 counted) (Fig. 3C) , and 14% colabel with Sox2 (n ϭ 88 counted). The majority of YFP cells colabel with NeuroD (55%) and Dcx (Fig. 3D,E) . No overlap with the differentiated neuronal marker NeuN is seen at this time point (Fig. 3E ). This combination of markers indicates that as early as 5 d after Ascl1 expression, as detected by Cre recombinase activity, the lineage marked cells have largely transitioned from type2a to a type3/immature neuron stage.
By 30 d after tamoxifen administration, the majority of YFP cells (86%) have continued to mature and now coexpress NeuN and exhibit dendritic processes, characteristics of granule cell neurons (Fig. 3 F, G) . At this time point, 14% of the YFP cells in the dentate gyrus retain the morphology of immature progenitors, and a subset colabel with GFAP (Fig. 3H ) . However, by 6 months, YFP cells in the dentate gyrus are almost exclusively NeuN ϩ cells (98%), and they coexpress Calbindin a marker of mature granule neurons (Fig. 3 J, K ) . The labeled cells continue to elaborate complex dendritic processes (Fig. 3 I, J ) . Notably, from the cellular morphology of the YFP cells within the granule zone (Cameron and McKay, 2001; van Praag et al., 2002; Liu et al., 2003) , no GABAergic neurons appear to arise from Ascl1 cells in adult dentate gyrus. Together, these results demonstrate that the Ascl1 cells detected in this paradigm are mostly type2a progenitor cells that mature into granule cell neurons by 30 d, with a subset marking a stem cell population of limited renewal potential.
Ascl1-GFP cells are transit amplifying cells in the SVZ and neuroblasts along the RMS and are fated to become interneurons in the olfactory bulb
In adult brains of the Ascl1 GFP/ϩ mice, many GFP cells were detected in the SVZ of the lateral ventricles and along the RMS, placing Ascl1 in this neurogenic niche as well (Fig. 1) . In the SVZ and RMS, Ascl1 cells express GFP, but not all GFP cells express Ascl1 ( Fig. 4 A, D) . The GFP ϩ / Ascl1 Ϫ cells likely represent differences in our ability to detect these proteins combined with the stability difference between GFP and Ascl1 previously noted. Using GFP in the Ascl1 GFP knock-in to characterize the temporal and spatial characteristics of Ascl1 expression in the SVZ and RMS, we colabeled the GFP cells with a series of markers that identify cells in different stages in the development of this neurogenic region. Ki67 and Sox2 mark proliferating neural progenitor cells. All Ki67 cells and a majority of the Sox2 cells in the SVZ and RMS colabel with GFP, but with no clear colabeling of the stem cell marker GFAP (Fig. 4 B, C) . This combination of markers is consistent with Ascl1-GFP cells being the rapidly dividing transit amplifying cells rather then the slowly dividing neural stem cells. In addition, a majority of GFP cells located further along the RMS coexpress Dlx and Dcx, identifying them as neuroblasts (Fig. 4G,H ) . A few GFP cells colabel with Olig2 (Fig. 4 F) consistent with previous reports for Olig2 expression in the RMS (Hack et al., 2005) . Notably, the GFP cells extend from the SVZ and into the RMS, but are not found in the olfactory bulb and do not colabel with NeuN (Fig. 4 E) . Thus, in the adult brain, Ascl1-GFP cells comprise transit amplifying cell populations and neuroblasts in this neurogenic lineage (Fig. 4 I) .
We used the Ascl1-CreER TM ;R26R-stop-YFP mouse to determine the fate of the Ascl1 cells and to further examine whether SVZ stem cells express Ascl1. Just 5 d after tamoxifen administration in a P60 mouse, although some YFP cells were found around the SVZ (Fig. 5A) , the majority of Ascl1 lineage YFP cells were found along the RMS (Fig. 5 B, C) . As predicted from their location, the YFP cells in the SVZ coexpressed Sox2 (87%) (Fig. 5A , inset) and Dcx (93%). In contrast, essentially all the YFP cells in RMS were Dcx neuroblasts (Fig. 5D ). At this time point, YFP cells did not colabel with NeuN and cells had not reached the olfactory bulb (data not shown). In contrast, after 30 d, all YFP cells were found in the olfactory bulb (Fig. 5A'-C') . Strikingly, no YFP cells were found in the SVZ or the RMS (Fig. 5A',B') . These results clearly demonstrate that cells expressing Ascl1 at levels detected in this paradigm are not stem cells but rather are transit amplifying cells that within 30 d have completed their migration to the olfactory bulb and differentiated into neurons.
Unlike adult generated granule neurons in hippocampus, which appear to be a uniform neuronal subtype, newly generated olfactory bulb neurons are heterogeneous in two distinctive layers, the granule cell layer (GCL) and the glomerular layer (GL) . GFP also overlaps with Ki67, Sox2, Olig2, Dlx, and Dcx, but not GFAP or NeuN identifying Ascl1-GFP cells as transit amplifying/neuroblast cells in this neurogenic region. I, Ascl1-GFP is placed in transit amplifying cell or neuroblasts using a current model for gene expression staging of olfactory bulb neurogenesis (Doetsch, 2003) . Diagrams depict the SVZ in a coronal view, or the SVZ and RMS in a sagittal view of an adult brain showing the location of the GFP cells and regions imaged in A-H. LV, Lateral ventricle. Scale bar: 20 m. (Altman, 1969; Luskin, 1993; Lois and Alvarez-Buylla, 1994) . The GCL and the GL comprises GABAergic neurons, however, in the GCL this appears as a homogeneous population whereas in the GL the cells can be classified as dopaminergic, calbindin ϩ , or calretinin ϩ (Kosaka et al., 1995 (Kosaka et al., , 1998 Saghatelyan et al., 2004; Kohwi et al., 2007) . To determine whether the Ascl1 lineage contributes to all neuronal subtypes in the olfactory bulb the YFP cells 30 d after tamoxifen treatment were examined with the different markers. Based on the location in the olfactory bulb, 88% of YFP cells were located in the GCL and 12% were found in the GL (780 cells counted). The identity of the YFP cells in the GCL as GABAergic neurons was confirmed by colabeling with NeuN and the GABAergic marker GAD67 (Fig. 5 E, F ) . The YFP cells located in the GL were colabeled with calbindin, calretinin, or the dopaminergic marker TH (Fig. 5G-I ) , indicating the Ascl1 lineage in the GL neurons was not biased toward one specific neuronal subtype. Thus, other than GABAergic identity, Ascl1 does not appear to specify neuronal subtype in the olfactory bulb.
Ascl1 is an early marker for adult oligodendrocyte progenitor cells
Oligodendrocytes are generated during embryogenesis and throughout adult life. Adult OPCs are identified by PDGFR␣ or NG2 and constitute the major dividing cell population contributing to myelination repair in response to brain injury (Chari and Blakemore, 2002; Reynolds et al., 2002; Dawson et al., 2003; Woodruff et al., 2004; Polito and Reynolds, 2005) . Ascl1 is present in oligodendrocyte progenitors during embryogenesis, in early postnatal brain, and in the adult brain (Parras et al., 2004 Battiste et al., 2007) . We investigated Ascl1 in this lineage using our mouse models. GFP cells in P60 Ascl1 GFP/ϩ brains showed intense signals in a discrete line along white tracts throughout the corpus callosum (Fig. 6 A) , whereas weaker signals from scattered cells were detected in gray matter such as the thalamus (Fig.  6 H) . In the corpus callosum, the GFP cells mainly formed clusters in a narrow line that colabel with Ascl1, validating the use of GFP in the knock-in to characterize these cells (Fig. 6 B) . These GFP cells colabeled with BrdU incorporation and Sox2 identifying them as proliferating neural progenitor cells (Fig. 6C,D) . Restriction of the GFP cells in a specific region within the corpus callosum suggests it identifies an adult oligodendrogenic region (Seri et al., 2006) . Furthermore, the GFP cells are partially overlapping with the OPC markers PDGFR␣, Olig2 or Sox10, but not with the mature oligodendrocyte marker APC, indicating that Ascl1 is present in progenitors before the known early oligodendrocyte markers are detected (Fig. 6 E-G) (data not shown). In contrast, in gray matter regions such as the thalamus, most Ascl1-GFP cells express the OPC markers PDGFR␣, Olig2, and Sox10, but not the mature oligodendrocyte marker APC (Fig.  6 I-L) . This contrast suggests Ascl1-GFP cells are marking OPCs at different developmental stages in the adult brain depending on the environmental context.
To follow the Ascl1 lineage cells over time in the OPCs, we analyzed YFP cells outside the neurogenic zones in the Ascl1-CreER TM ;R26R-stop-YFP animals induced with tamoxifen at P60. Five days after tamoxifen administration, YFP cells were detected in the white matter including corpus callosum, fimbria and internal capsule, and in gray matter regions including the hippocampal formation and thalamus (Fig. 7A-C of 13%. Regardless of their location in the brain, almost all YFP cells coexpressed PDGFR␣, Olig2, and Sox10 (96%) indicating they are in the oligodendrocyte lineage (Fig. 7D-F ) (shown here in thalamus but also seen in corpus callosum). Thus, the subpopulations of GFP cells identified in the corpus callosum of Ascl1 GFP/ϩ that were negative for Olig2 and Sox10, began expressing these oligodendrocyte lineage markers within 5 d of Ascl1 expression. Notably, Ascl1 is transient in this lineage because at 5 d after tamoxifen treatment, there was little overlap in YFP and Ascl1 (Fig. 7A) (1% n ϭ 91 cells counted) . Many YFP cells were observed as doublets, suggesting they had recently divided (Fig. 7C) . The Ascl1 lineage marked cells had not progressed to a mature oligodendrocyte because only a small fraction of YFP cells (4%) colabeled with APC (Fig. 7G) . Together these results illustrate that Ascl1 is transiently expressed in early OPCs that are actively differentiating.
To determine whether the Ascl1 lineage cells progress to mature oligodendrocyte, we examined the YFP cells 30 d after tamoxifen administration. Comparison of the YFP cells in the corpus callosum and thalamus revealed that the OPCs in each region mature at different rates. In the corpus callosum, 58% of the Ascl1 lineage cells matured into differentiated oligodendrocytes and colabeled with Sox10 and APC (Fig. 7H-J,N ) , whereas in the thalamus only 20% of the cells colabeled with APC ( Fig.  7K-N ) . Previous studies have suggested that OPCs in the adult CNS are arrested at a precursor stage as assessed by retroviral infection or BrdU birthdating (Gensert and Goldman, 1997; Dawson et al., 2003) . This does not appear to be true for the Ascl1 expressing OPCs in the white matter tract because a majority of the OPCs matured into oligodendrocytes. Even in thalamus the OPCs are maturing but not as efficiently as in the corpus callosum.
Previous studies in the developing spinal cord and neonatal brain placed Ascl1 in neuronal and oligodendrocytic lineages but not astrocytic lineages (Parras et al., 2004; Battiste et al., 2007) . Consistent with these embryonic studies, the adult Ascl1 lineage cells do not contribute to the astrocyte lineage because overlap with YFP and the astrocyte marker GFAP or glutamine synthetase was not detected (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). Thus, even in the adult neural progenitor cells, Ascl1 lineage is restricted to progenitors to neurons and oligodendrocytes, but not astrocytes.
Discussion
Ascl1 is unique in that it is a transcription factor with essential regulatory functions in directing both neurogenesis and oligodendrogenesis. In both lineages, Ascl1 is transient and identifies early neural precursor cells. These characteristics of expression are seen in the adult brain as well as in the developing neural tube, highlighting molecular similarities between these temporally distinct processes. In the adult brain, we have defined the profile of Ascl1 expressing neural precursor cells and subsequently followed the lineage of these cells in four distinct brain regions (Fig.   8) . These regions will be discussed in turn and include the two regions giving rise to new neurons, the SGZ of the dentate gyrus and the SVZ/RMS supplying neurons to the olfactory bulb, and two regions with distinct OPCs, the corpus callosum as a white matter tract and the thalamus representing a subcortical gray matter region.
One consideration to keep in mind in interpreting results from in vivo lineage analysis using the Ascl1-CreER TM mice is that we might only detect recombination in a subset of the Ascl1 expressing cells, likely those with the highest expression of Ascl1. Indeed, within 2 d after tamoxifen treatment, the vast majority of YFP ϩ cells coexpress Dcx in the SVZ. This suggests that as soon as we can detect the reporter YFP, the cells are at a slightly later stage than cells containing endogenous Ascl1. This result is consistent with our observations using this same mouse strain for embryonic neural tube studies (Battiste et al., 2007) . These results do not, however, eliminate the possibility that we get recombination in early progenitors. We know that ectopically expressing Ascl1 in chick neural tube causes cells to rapidly differentiate (Nakada et al., 2004) . Thus, it is possible that the early progenitors with Ascl1-Cre expression have progressed rapidly into Dcx ϩ progenitors in the SVZ. We cannot at this time discriminate whether we are detecting the lineage of late progenitors expressing high Ascl1, or whether cells that express Ascl1 progress rapidly to the next stage of differentiation.
Ascl1 lineage in adult neurogenesis in the dentate gyrus of the hippocampus Using the Ascl1 GFP/ϩ mouse, our study identifies the majority of Ascl1 cells as type-2a cells with a minority being type-1 cells in the adult dentate gyrus. According to a current model of adult hippocampus neurogenesis, GFAP, Sox2, and Nestin expressing neural stem cells (type-1 cells) differentiate into neural progeni- tor cells expressing NeuroD and Dcx (type-2b or 3 cells). Previous reports place transcription factors, Tbr2 and Neurog2, in the type-2b or 3 cells as well, a stage after Ascl1 expression (Hevner et al., 2006; Ozen et al., 2007) . Ascl1 is a unique marker for type-2a cells, and in particular it marks cells that are actively transitioning from progenitor to differentiated neuron. Long-term fate mapping of Ascl1 progenitors also supports this idea, showing that by 6 months almost all of the progeny in the hippocampus have matured into granule neurons. In contrast, using similar paradigms but with the inducible Cre under the control of Gli1 (Ahn and Joyner, 2005) or Nestin , stem cell populations are not depleted and generate neurons continuously. Although Ascl1 appears to largely mark type-2a cells, there is some overlap detected in GFAP ϩ cells. Indeed, 30 d after tamoxifen induction in the Ascl1-CreER-mice, there are still cells that have stem cell/progenitor cell morphology and do not label with NeuN. However, as stated above this population is almost completely depleted by 6 months. Therefore, we suggest GFAP (type-1) cells that reach a level of Ascl1 expression detected here, have less potential for self-renewal than a type-1 cell coexpressing GFAP and Nestin or Gli1. Our results are consistent with the premise that GFAP ϩ SGZ cells can be divided into cells having long-term self-renewal (GFAP ϩ /Ascl1 Ϫ ) and cells with more limited dividing potential (GFAP ϩ /Ascl1 ϩ ) (Seki et al., 2007) .
Ascl1 lineage in adult neurogenesis in the SVZ/RMS and the generation of olfactory bulb interneurons
Ascl1 transiently marks transit amplifying cells and neuroblasts in adult olfactory bulb neurogenesis (Kohwi et al., 2005) . In this lineage, neural stem cells residing around the lateral ventricle wall migrate along the RMS to the olfactory bulb as they differentiate. GFP cells in the Ascl1 GFP/ϩ mouse show broad but discrete expression of GFP along this pathway. These cells are Sox2 ϩ , Ki67 ϩ or Dcx ϩ , indicating their identity as amplifying neural progenitor cells, consistent with previous reports using a transgenic mouse with Ascl1 regulatory sequences driving LacZ (Parras et al., 2004) . The Ascl1-CreER TM mouse allowed us to determine the timing of differentiation and to examine whether Ascl1 cells continue to self-renew. Strikingly, 30 d after Ascl1 expression, the Ascl1 lineage cells were located in the olfactory bulb, with none found in the SVZ or RMS demonstrating all Ascl1 lineage cells detected in this paradigm differentiate and none stay as stem/ progenitor cells. In contrast, in similar paradigms but using Nestin (Kuo et al., 2006) or Gli1 (Ahn and Joyner, 2005) to drive the inducible Cre, the stem cell and progenitor populations maintain the lineage marker over time in SVZ and RMS. Clear differences between Ascl1-CreER TM and Nestin-and Gli1CreER T2 suggest that comparisons between these model systems will elucidate novel information (i.e., via gene expression profiling) regarding stem and transit amplifying cells at distinct stages during adult neurogenesis.
Ascl1 lineage neurons in adult hippocampus and olfactory bulb have diverse neuronal subtypes
During embryogenesis, Ascl1 functions in neuronal differentiation and subtype specification for diverse cell types throughout the nervous system. In the dorsal spinal cord, Ascl1 functions in specifying glutamatergic interneuron populations dI3 and dI5 (dorsal interneuron 3 and 5) (Helms et al., 2005) . In telencephalon development, Ascl1 functions with Dlx2 to generate the GABAergic neurons that migrate to the cortex (Fode et al., 2000; Parras et al., 2002; Long et al., 2007) . And in the peripheral nervous system, Ascl1 biases neural crest cells to the autonomic lin- eage rather than the sensory (Perez et al., 1999) . Thus, although Ascl1 appears to play a role in neuronal subtype specification, the specific neuronal subtypes formed depend on the cellular environment and developmental history. This concept for Ascl1 function in neuronal specification holds in the adult as well. Ascl1 lineage neurons in the adult hippocampus generate exclusively glutamatergic neurons, with no evidence for Ascl1 progenitors giving rise to GABAergic neurons in this region. In contrast, adult generated Ascl1 lineage cells in the olfactory bulb are all GABAergic neurons with no obvious preference toward individual subtypes distinguished by TH, calretinin, and calbindin in the glomerular layer.
Ascl1 lineage in adult oligodendrogenesis in the corpus callosum
Analyzing the Ascl1 GFP/ϩ mouse brain for GFP and endogenous Ascl1, we find many Ascl1 expressing cells in the adult corpus callosum, a wide axon bundle containing myelinated oligodendrocytes beneath the neocortex. The Ascl1 population forms a discrete layer of cells along the ventral side of the corpus callosum, a region reported to be enriched in progenitor cells in the adult brain (Seri et al., 2006) . Other oligodendrocyte markers including those considered early markers such as PDGFR␣ and Olig2 do not show this distinct pattern, but rather are distributed throughout the corpus callosum. This observation suggests that Ascl1 is the earliest OPC marker identified and that the discrete line of Ascl1 cells in the corpus callosum defines an oligodendrogenic niche. Supporting this idea, Ascl1-GFP cells mostly express Sox2, but only partially overlap with early OPC markers such as Olig2 and Sox10, suggesting Ascl1 expression is before these markers. Consistent with this, using the inducible Cre system to follow the lineage, the Ascl1 cells have progressed to PDGFR␣ ϩ and Sox10 ϩ OPCs within 5 d, with many of these cells appearing as doublets. In addition, in late stage spinal cord embryogenesis, Ascl1 expresses earlier than Sox10 and Olig2 as well (E. J. Kim, unpublished observation). At E15.5, early precursor cells are lined along ventricular zone and move out as they mature to oligodendrocytes. Within the ventricular zone, there are few Ascl1 cells colabeled with Olig2/Sox10, whereas in the mantle zone they are more likely to coexpress Olig2/Sox10. Therefore, in oligodendrogenic niches, Ascl1 marks OPCs at an earlier stage than Olig2 and Sox10. Furthermore, in the adult, Ascl1 expression is transient and disappears as the other OPC markers remain.
The transient nature of Ascl1 in the OPC lineage makes the Ascl1-CreER TM mouse uniquely suited to follow the progression of OPCs as they mature in the adult brain. Oligodendrocyte progenitors marked by Ascl1-CreER TM differentiate within 30 d to express APC, a mature oligodendrocyte marker.
This indicates Ascl1
ϩ OPCs in the corpus callosum are not quiescent, but actively mature even in an intact noninjured brain. Previous studies using stereotactic injection of retrovirus or BrdU birthdating showed cycling cells in the corpus callosum only rarely mature into myelinating oligodendrocytes, with the rate of maturation dramatically increased after brain insult (Gensert and Goldman, 1997; Dawson et al., 2003) . It is possible that the Ascl1 lineage marked cells in the corpus callosum identify a subset of the cells marked in the previous studies, a subset that is more actively maturing.
Ascl1 lineage in adult oligodendrogenesis in subcortical gray matter: thalamus Not only white matter but also subcortical gray matter contains widespread Ascl1-GFP cell populations. The Ascl1 marked OPCs in the thalamus already coexpress Sox10, Olig2, and PDGFR␣, indicating they are committed oligodendrocyte progenitors as previous studies reported (Woodruff et al., 2001) . These cells also contrast in their rate of maturation with the Ascl1 OPCs in the corpus callosum in that they mature more slowly and after 30 d the majority remains immature, expressing PDGFR␣ and not APC. Different antigenic profiles and differentiation rates of Ascl1 lineage OPCs between the white matter tract of the corpus callosum and gray matter of the thalamus suggest Ascl1 is marking different subsets of OPCs. Future studies will be needed to determine whether this also represents a functional distinction.
Concluding remarks
Here we show the first comprehensive lineage analysis from Ascl1-expressing cells in adult brain. Adult Ascl1 expressing cells share similar molecular characteristics with embryonic counterparts and differentiate into mature neural cells. Along with the previous studies regarding the expression of other transcription factors and signaling molecules such as Notch, Shh, and Wnt in adult brain (Stump et al., 2002 neural stem cell differentiation using similar molecular mechanisms as in the embryonic CNS. Ascl1 is unique as a classII bHLH transcription factor in that it is involved in both adult neurogenesis and oligodendrogenesis, and its expression is restricted within narrow developmental windows in both processes. This characteristic of Ascl1 expression makes the Ascl1-CreER TM mouse a valuable tool for studying the developmental dynamics of adult born neurons and oligodendrocytes that will contribute insights into underlying causes of brain tumor development and other neurological disorders.
